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(+)-Nootkatone is a natural sesquiterpene ketone used in grapefruit and citrus ﬂavour compositions.
It occurs in small amounts in grapefruit and is a major component of Alaska cedar (Callitropsis noot-
katensis) heartwood essential oil. Upon co-expression of candidate cytochrome P450 enzymes from
Alaska cedar in yeast with a valencene synthase, a C. nootkatensis valencene oxidase (CnVO) was
identiﬁed to produce trans-nootkatol and (+)-nootkatone. Formation of (+)-nootkatone was
detected at 144 ± 10 lg/L yeast culture. CnVO belongs to a new subfamily of the CYP706 family of
cytochrome P450 oxidases.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
(+)-Nootkatone is an important oxidized sesquiterpene, which
is found in grapefruit ﬂavedo [1], and was originally identiﬁed in
the heartwood of the Alaska cedar, Callitropsis nootkatensis [2]. Its
ﬂavour characteristics have been described as grapefruit, citrus,
orange and butter [3] and it has a low odor threshold [4], which
renders (+)-nootkatone highly interesting for ﬂavour and fragrance
uses. The plant probably beneﬁts from the presence of nootkatone
because it is active against insects and it shows a repellent activity
against termites [5]. The use of nootkatone as a potent tick repel-
lent has also been reported [6–8].
The biosynthesis of (+)-nootkatone in plants has not yet been
fully elucidated. Its ﬁrst dedicated step is the formation of (+)-val-
encene from farnesyl pyrophosphate by a valencene synthase.Valencene synthases have been described in citrus species [9]
and recently also in C. nootkatensis [10]. The enzymatic steps from
(+)-valencene to (+)-nootkatone have not yet been described, how-
ever a 2-step enzymatic conversion of (+)-valencene has been pro-
posed, via a regioselective allylic hydroxylation of the 2-position of
(+)-valencene to nootkatol, followed by the oxidation to (+)-nootk-
atone (Fig. 1) [11]. Both steps could be catalysed by a single multi-
functional cytochrome P450 enzyme, or involve an oxidation step
to nootkatol by a cytochrome P450, followed by an alcohol dehy-
drogenase activity to yield (+)-nootkatone.
Several microbial enzymes that catalyse the formation of either
nootkatol or/and (+)-nootkatone from (+)-valencene have been de-
scribed. Enzymatic conversion of (+)-valencene was demonstrated
for a fungal dioxygenase from Pleurotus sapidus [12] and engi-
neered bacterial cytochrome P450cam from Pseudomonas putida
and P450BM3 from Bacillus megaterium [13,14]. For plants, cyto-
chrome P450 enzymes from the CYP71 family were probed for
(+)-valencene oxidising activity. The premnaspirodiene oxygenase
CYP71D55 from henbane (Hyoscyamus muticus) was shown to cata-
lyse oxidation of (+)-valencene, primarily to nootkatol in vitro [15].
Fig. 1. Proposed biosynthetic pathway of (+)-nootkatone. In the ﬁrst enzymatic reaction (+)-valencene formation from farnesyl pyrophosphate (FPP) is catalysed by a
valencene synthase. The 2-step enzymatic conversion of (+)-valencene to (+)-nootkatone is proposed to proceed via a hydroxylation at the 2-position of (+)-valencene
yielding trans- or cis-nootkatol intermediates, followed by the oxidation to (+)-nootkatone.
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oxidise (+)-valencene predominantly to trans-nootkatol [16]. Co-
expression of a chicory (Cichorium intybus) valencene oxidase CY-
P71AV8 in yeast with valencene synthase, lead to de novo synthesis
of trans-nootkatol and small quantities of (+)-nootkatone [17].
However, neither henbane nor chicory nor tobacco contain
(+)-nootkatone.
C. nootkatensis, Alaska cedar, also known as Nootka cypress is
native to the Paciﬁc Northwest coast of North America. The heart-
wood essential oil contains carvacrol (35%), nootkatene (17%) and
(+)-nootkatone (20%) [18], and has been shown to have insecti-
cidal, acaricidal and antimicrobial properties [8,19,20]. The chem-
ical composition of the oil remains stable for several decades in
dead C. nootkatensis trees rendering the wood highly decay-resis-
tant [21]. Recently we described the cloning of valencene synthase
from C. nootkatensis heartwood by a cDNA sequencing approach
[10]. In the current study, we describe the identiﬁcation of a novel
cytochrome P450 enzyme in C. nootkatensis heartwood that catal-
yses the oxidation of (+)-valencene. This is the ﬁrst description of
a valencene oxidase from a plant that naturally synthesizes
(+)-nootkatone.
2. Materials and methods
2.1. Cloning of cytochrome P450 candidates from C. nootkatensis cDNA
library
An expressed sequence tag (EST) database of a cDNA library
derived from the C. nootkatensis heartwood [10] was examined
for sequences with high homology to the following terpene
oxidases: premnaspirodiene oxygenase from H. muticus [15],
amorphadiene mono-oxygenase from Artemisia annua [22,23],
(+)-delta-cadinene-8-hydroxylase from Gossypium arboreum [24],
5-epi-aristolochene-1,3-dihydroxylase form N. tabacum [25],
(2)-4S-Limonene-3-hydroxylase from Mentha x piperita [26] and
Catharanthus roseus geraniol 10-hydroxylase [27]. 108 contigs
were identiﬁed with homology to cytochrome P450 enzymes and
RACE PCR (Clontech) strategy was used to amplify the 50-region
of all candidate genes. The sequence of all 108 PCR fragments
was obtained by DETT sequencing (GE healthcare) and assembled
using SeqMan Pro v.9.0.4 software (DNASTAR). Several of the 108
contigs belonged to the same open reading frame, resulting in a to-
tal of 60 cytochrome P450 candidate genes. The P450 candidates
were ampliﬁed from the C. nootkatensis 30-RACE cDNA library
[10] using a speciﬁc forward primer at the start codon region con-
taining a NotI restriction site (forward primer for the valencene
oxidase: SC077_ATGnot: 50-tagcggccgcATGGACATGAGCACAATATGGTACTACTGGGT-30; NotI restriction site underlined) and a uni-
versal reverse primer (UPMshortPac: 50-tcttaattaaCTAATACGACTC
ACTATAGGGC-30; PacI restriction site underlined) using Phusion
DNA polymerase (Finnzymes, Finland). The PCR conditions were as
follows: initial denaturation of 45 s at 98 C was followed by thirty
PCR cycles of 10 s at 98 C, 20 s at 68 C and 2 min at 72 C and a ﬁnal
extension of 5 min at 72 C. The ﬁnal concentration of PCR reagents
was 1x Phusion HF Buffer (Finnzymes), 200 lMdNTPs, 200 nM prim-
ers and 0.02 U/lL Phusion DNA polymerase (Finnzymes).
C. nootkatensis P450 candidates were cloned into the yeast
expression vector pYEDP60 [28] which was modiﬁed to contain
NotI and PacI restriction sites at the polylinker. The C. nootkatensis
valencene synthase (CnVS) was cloned into the pYES3/CT yeast
expression vector (Invitrogen) [10]. The cloning of the chicory ger-
macrene A synthase [29] and A. annua amorpha-4,11-diene syn-
thase [30] into pYEDP80 and into pYES3/CT vectors was
described previously [17].
2.2. In vivo activity screening of C. nootkatensis P450 candidates for
(+)-valencene oxidation in yeast
Candidate C. nootkatensis P450 enzymes were co-transformed
with CnVS into yeast strain WAT11 [31] using standard protocols
[32]. The recombinant yeast colonies were selected on solid Syn-
thetic dextrose minimal medium (SD medium: 0.67% Difco yeast
nitrogen base medium without amino acids, 2% D-glucose, 2% agar)
supplemented with amino acids, but omitting L-tryptophan, ade-
nine sulphate and uracil for auxotrophic selection. The WAT11
yeast strain transformed with only CnVS or empty pYES3/ct and
pYEDP60 plasmids were used as negative controls in induction
experiments.
Gene expression was induced in the Synthetic galactose mini-
mal medium (SG medium: 0.67% Difco yeast nitrogen base med-
ium without amino acids, 2% D-galactose) supplemented with
amino acids, but without L-tryptophan, adenine sulphate and uracil
for auxotrophic selection. A single yeast colony was inoculated in
5 ml of SG medium and grown overnight at 30 C at 300 rpm.
The cultures were diluted until the optical density (OD600) of
0.05 in 50 mL of SG medium and incubated at 200 rpm at 30 C.
The cultures were overlaid with 5 mL of n-dodecane at the OD600
of 0.8 to 1 and cultivation was continued at 30 C and 200 rpm
for 3 days. Subsequently, the n-dodecane layer was separated by
a glass separation funnel from the yeast cultures, diluted 3-fold
in ethyl acetate, dried using anhydrous Na2SO4 and used for
GC–MS analysis.
This led to the identiﬁcation of the C. nootkatensis valencene
oxidase (CnVO). The full length CnVO reading frame was analysed
Fig. 2. Production of trans-nootkatol and (+)-nootkatone in the n-dodecane layer by
CnVO. GC chromatogram of the n-dodecane layer from yeast fermentations using
WAT11 yeast strains expressing the C. nootkatensis valencene synthase (CnVS) and
both the C. nootkatensis valencene synthase and valencene oxidase (CnVS/CnVO) is
compared to the empty vector control. Trans-nootkatol was found as a predominant
oxidation product of (+)-valencene in the n-dodecane overlay of strain CnVS/CnVO
(peak 1). (+)-Nootkatone was formed as a minor product (peak 2). The mass
spectrum of trans-nootkatol is shown in the insert.
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Bank database under accession number JX518290. The sequence
was deposited in the cytochrome P450 classiﬁcation database
[33] and was assigned the name CYP706M1.
2.3. Phylogenetic analysis
The deduced protein sequence of CnVO was compared to other
(+)-valencene oxidising plant cytochrome P450s from family
CYP71 (C. intybus CYP71AV8, H. muticus CYP71D55 and N. tabacum
CYP71D51v2), CYP706B1 from G. arboreum and uncharacterised
members of CYP706 family encoded in the genomes of Vitis vinif-
era, Arabidopsis thaliana, Oryza sativa and Populus trichocarpa,
which were retrieved from the Cytochrome P450 Homepage
(http://drnelson.uthsc.edu/CytochromeP450.html). The sequence
of A. thaliana CYP85A1, a brassinosteroid-6-oxidase, was used as
an outgroup since it belongs to clan 85 of plant cytochrome P450
enzymes [34]. Multiple protein sequence alignments were per-
formed using the ClustalW algorithm using ClustalX 2.1 software
[35]. Bootstrap N-J trees were generated by the ClustalX 2.1 soft-
ware with a 1000 replicates of bootstrap analysis and exported
as a Phyllip format tree. The phylogeny was visualized using the
Figtree v1.3.1. software.
2.4. In vivo production of (+)-nootkatone
Flask fermentation with the WAT11 yeast strain containing
CnVS and CnVO was repeated in triplicates, however the n-dode-
cane layer was omitted. After a three-day fermentation 50 mL of
yeast culture was extracted with 25 mL of ethyl acetate. 15 mL of
ethyl acetate was retrieved from the yeast culture by glass funnel
separation and evaporated under a nitrogen ﬂow to reduce the vol-
ume to 2.5 mL. The samples were dried using anhydrous Na2SO4
and analysed by GC–MS.
2.5. Microsome preparation and in vitro enzyme assay
pYEDP60 plasmid containing CnVO was transformed into
WAT11 strain and colonies were selected on SD medium omitting
adenine sulphate and uracil for auxotrophic selection. Microsomes
from yeast cultures were prepared as previously published [28,36].
Microsomal preparations from WAT11 cultures containing empty
pYEDP60 plasmid were used as negative controls. Enzyme assays
were conducted in a total volume of 500 lL, containing 40 mM
KPi buffer (pH = 7.5), 200 lM (+)-valencene (Fluka), 2% DMSO
and 80 lL of microsomal preparation in a 1.5 mL glass vial. The
enzymatic reaction was started by the addition of 2 mM NADPH.
The reactions were incubated for 2.5 h at 25 C at 250 rpm. Terp-
enes were extracted with 1.5 mL of ethyl acetate and three-fold
concentrated under nitrogen ﬂow. The samples were dried using
anhydrous Na2SO4 and used for GC–MS analysis.
2.6. GC–MS analysis
Analytes from 1 lL samples were separated using a gas chro-
matograph (5890 series II, Hewlett-Packard) equipped with a
30 m  0.25 mm, 0.25 mm ﬁlm thickness column (ZB-5, Phenome-
nex) using helium as carrier gas at a ﬂow rate of 1 mL/min. The
injector was used in splitless mode with the inlet temperature
set to 250 C. The initial oven temperature of 45 C was increased
after 1 min to 300 C at a rate of 10 C/min and held for 5 min at
300 C. The GC was coupled to a mass-selective detector (model
5972A, Hewlett-Packard). Compounds were identiﬁed by compari-
son of mass spectra and retention times with those of the authentic
standards of (+)-nootkatone (Fluka), trans-nootkatol (Isobionics),
cis-nootkatol (Isobionics) and (+)-valencene (Fluka). The absoluteconcentration of these sesquiterpenes was calculated from the to-
tal ion current (TIC) chromatogram peak area by comparison to a
standard curve prepared by measuring a dilution series of authen-
tic standards with a known concentration.
3. Results
3.1. Identiﬁcation of the C. nootkatensis valencene oxidase
A cDNA sequence library of C. nootkatensis heartwood contain-
ing sequence fragments of 34,700 contigs [10] was screened for
cytochrome P450 genes. In total 108 contigs were found that
showed homology to the cytochrome P450 family. The contig
length varied between 105 and 1717 bp, with an average of
412 bp. A homology search did not yield candidates with deduced
amino-acid sequence identity above 40% to the previously charac-
terised terpene oxidases [15,22,24–27]. The position of the start
codon from the open reading frames tagged by each of these 108
contigs was determined by a 50RACE strategy. After connecting
overlapping contigs, 60 cytochrome P450 candidate genes were
cloned into a yeast expression vector [28].
The activity of the enzymes of the C. nootkatensis P450 collec-
tion on (+)-valencene was assessed in yeast. Each P450 enzyme
was co-expressed with the valencene synthase from C. nootkatensis
(CnVS) [10]. Clones were expressed for 3 days in a biphasic med-
ium, using in situ extraction of sesquiterpenes by a layer of n-dode-
cane, to prevent possible toxic effects of produced trans-nootkatol
or (+)-nootkatone on yeast [16]. Presence of (+)-valencene and oxi-
dized (+)-valencene products was monitored by GC–MS analysis of
the n-dodecane layer. One positive yeast strain was identiﬁed, for
which two novel oxidised products were detected in the n-dode-
cane layer (Fig. 2). The major product was identiﬁed as trans-noo-
tkatol and the minor product was identiﬁed as (+)-nootkatone by
comparison to authentic standards. This enzyme was named C.
nootkatensis valencene oxidase, CnVO. The protein sequence of
the CnVO was analysed and compared to sequences of other char-
acterised sesquiterpene and monoterpene oxidases. The sequence
showed low amino-acid identity with previously characterised
plant cytochrome P450s that oxidise (+)-valencene. Amino acid-
identity to C. intybus valencene oxidase CYP71AV8, N. tabacum val-
encene oxidase CYP71D51v2 and H. muticus premnaspirodiene
oxygenase CYP71D55 was found to be 28%, 29% and 30%,
respectively (Supplemental Fig. 1). The highest level of amino acid
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lase from G. arboreum, which belongs to cytochrome P450 family
CYP706. CnVO was classiﬁed into a new cytochrome P450 subfam-
ily as CYP706M1.
3.2. In vivo production of (+)-nootkatone and activity of CnVO on
different sesquiterpene substrates
CnVO was further examined for (+)-nootkatone formation. To
this end, ﬂask fermentation of WAT 11 yeast expressing the valen-
cene synthase CnVS in combination with CnVO was performed in
the absence of a n-dodecane layer. The produced terpenes were ex-
tracted using ethyl acetate after the fermentation was ﬁnished. No
sesquiterpenes were detected in the ethyl acetate extract of the
WAT11 strain containing an empty plasmid, and also not in the
culture expressing solely the valencene synthase, indicating that
all produced (+)-valencene had evaporated from the culture. In
the ethylacetate extract of the CnVS/CnVO yeast culture, (+)-nootk-
atone was detected (Fig. 3), at a concentration of 144 ± 10 lg/L
yeast culture (Table 1).Fig. 3. Detection of (+)-valencene oxidation products in the ethyl acetate extract of yeas
expressing C. nootkatensis valencene synthase (CnVS) or co-expressing the valencene s
empty vector control. (+)-Nootkatone (peak 2) was found to be the predominant product
1), a side product of valencene synthase, was detected. (B) Comparison of the mass spe
nootkatone (Fluka).
Table 1
Quantiﬁcation of sesquiterpenes produced by CnVO in yeast fermentations.
Expressed genes (+
(l
In situ extraction with n-dodecane CnVO + CnVS 13
CnVS 12
Ethyl acetate extraction after fermentation CnVO + CnVS ND
CnVS ND
CnVO = C. nootkatensis valencene oxidase, CnVS = C. nootkatensis valencene synthase, NDThe activity of CnVO on other sesquiterpene substrates was
tested in yeast strains expressing amorphadiene synthase from
Artemisia annua [30] or germacrene A synthase from chicory [29].
Analysis of the n-dodecane layer learned that amorphadiene was
not converted by CnVO. Germacrene A was partially converted into
a product with m/z = 220. This product did not match germacra-
1(10),4,11(13)-trien-12-ol or germacra-1(10),4,11 (13)-trien-12-
al, as deduced from comparison to authentic standards. These are
the oxidation products of the germacrene A oxidases that hydrox-
ylate germacrene A on the 12-position [17,37]. This indicates that
CnVO does not oxidise germacrene A in position 12 and therefore
has regio-selectivity on germacrene A that differs from germacrene
A oxidases.
3.3. CnVO produces (+)-nootkatone from (+)-valencene in vitro
In order to further characterize the product spectrum of CnVO,
microsomal preparations were produced from yeast expressing
CnVO and WAT11-empty vector control yeast cultures. In vitro
activity was tested by adding (+)-valencene to yield a totalt cultures. (A) GC chromatograms of ethyl acetate extracts of WAT11 yeast cultures
ynthase with C. nootkatensis valencene oxidase (CnVS/CnVO) are compared to the
upon expression of CnVO. In addition, an oxidation product of germacrene A (peak
ctrum of (+)-nootkatone produced by the CnVO and the authentic standard of (+)-
)-Valencene
g/L yeast culture)
trans-Nootkatol
(lg/L yeast culture)
(+)-Nootkatone
(lg/L yeast culture)
05 ± 117 116 ± 44 3 ± 1
66 ± 24 ND ND
ND 144 ± 10
ND ND
= not detected.
Fig. 4. Oxidation of (+)-valencene by CnVO in vitro. The oxidation products of (+)-
valencene are shown for enzyme reactions employing microsomes of WAT11 yeast
strain expressing C. nootkatensis valencene oxidase (CnVO), compared to the
microsomes prepared from the control yeast strain transformed with an empty
pYEDP60 plasmid (ctrl). Formation of trans-nootkatol (peak 1) and (+)-nootkatone
(peak 2) was detected.
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valencene in these assays was as low as 0.5–1.0 lM (in 40 mM KPi
buffer containing 2% DMSO) determined by measuring turbidity in
the UV-VIS spectrum caused by undissolved (+)-valencene. In addi-
tion to this the solubility was measured by putting empty dialysis
tubing in 200 lM (+)-valencene solutions. Once (+)-valencene is
consumed, new (+)-valencene will dissolve. For this reason, assays
were foremost qualitative. In microsomal assays with (+)-valen-
cene and CnVO microsomes, (+)-nootkatone was found as a pre-
dominant peak (82% of total products), in addition to a minor
peak of trans-nootkatol (18%) (Fig. 4).
4. Discussion
The primary signiﬁcance of the present work is the identiﬁca-
tion of a valencene oxidase from the (+)-nootkatone producing tree
C. nootkatensis. Based on the protein sequence CnVO belongs to the
cytochrome p450 class of CYP706 and is the ﬁrst member of a new
cytochrome P450 subfamily CYP706M (Fig. 5). One enzyme of the
CYP706 family has been functionally characterised previously,
namely the CYP706B1, (+)-delta-cadinene-8-hydroxylase from G.
arboreum [24]. This enzyme is involved in the early steps of biosyn-Fig. 5. Phylogenetic tree of the cytochrome CYP706 family. The protein sequence of CnVO
the genomes of Vitis vinifera (Vv_CYP706C7, Vv_CYP706C8, Vv_CYP706G1, Vv_CYP7
Arabidopsis thaliana (At_CYP706A1, At_CYP706A2, At_CYP706A3, At_CYP706A4, At_CY
Os_CYP706C3, Os_CYP706C4), Populus trichocarpa (Pt_CYP706B3, Pt_CYP706C5, Pt_CYP7
arboreum (Ga_CYP706B1). For comparison (+)-valencene oxidising plant cytochrome P4
tabacum Nt_CYP71D51v2) are displayed. The (+)-valencene oxidising enzymes are boxethesis of sesquiterpenoid gossypol and catalyses the hydroxylation
of (+)-delta-cadinene to 8-hydroxy-(+)-delta-cadinene. Interest-
ingly, the other plant P450s with valencene oxidase activity e.g.
C. intybus valencene oxidase CYP71AV8, H. muticus premnaspirodi-
ene oxygenase CYP71D55 and N. tabacum valencene oxidase
CYP71D51v2 belong to another cytochrome P450 family, CYP71.
Members of the family CYP71 have been shown to be involved in
terpene biosynthesis several times, and relevant members of this
family have been identiﬁed by homology screening methods
[16,17,37]. Genomes of plants may contain several members of
the CYP706 family, for example in the Arabidopsis and grapevine
genomes 7 and 9 cyp706 genes were identiﬁed, respectively [34].
None of these have been functionally characterised. It would be
of interest to explore their function, especially with respect to ter-
pene biosynthesis.
Substrate speciﬁcity of terpene oxidases can be high, as shown
for the A. annua amorphadiene oxidase [22,37]. On the other hand,
the germacrene A oxidases from the Asteraceae family were shown
to be able to oxidise several sesquiterpenes, namely amorphadiene,
germacrene A and (+)-valencene [17,37]. CnVO showed a limited
substrate promiscuity, and did not oxidise amorphadiene, but
showed a partial oxidation of germacrene A.
The activity in yeast and in vitro indicates that CYP706M1 cata-
lyzes both the conversion from (+)-valencene to trans-nootkatol,
and the conversion from nootkatol to (+)-nootkatone. Multi-step
oxidation reactions were previously shown for sesquiterpene oxi-
dases. Amorphadiene oxidase from A. annua CYP71AV1 catalyses
the oxidation of amorphadiene to artemisinic alcohol, aldehyde
and acid [22]. Similarly, germacrene A oxidases from different spe-
cies of the Asteraceae family convert germacrene A through an
alcohol and aldehyde to germacrene A acid [37]. CnVO catalyses
complete oxidation of (+)-valencene to (+)-nootkatone while C.
intybus valencene oxidase CYP71AV8, H. muticus premnaspirodiene
oxygenase CYP71D55 and N. tabacum valencene oxidase
CYP71D51v2, form predominantly trans-nootkatol [15–17]. The
second oxidation step may also result from unspeciﬁc alcohol(Cn_CYP706M1) was compared to putative members of CYP706 family encoded in
06G2, Vv_CYP706G3, Vv_CYP706H1, Vv_CYP706J1, Vv_CYP706J3, Vv_CYP706J5),
P706A5, At_CYP706A6, At_CYP706A7), Oryza sativa (Os_CYP706C1, Os_CYP706C2,
06C6, Pt_CYP706D1, Pt_CYP706D2) and (+)-delta-cadinene-8-hydroxylase from G.
50s from family CYP71 (C. intybus Ci_CYP71AV8, H. muticus Hm_CYP71D55 and N.
d.
1006 K. Cankar et al. / FEBS Letters 588 (2014) 1001–1007dehydrogenase activity present in yeast. However, when express-
ing the chicory valencene oxidase CYP71AV8 in the same yeast
platform only minor production of (+)-nootkatone was observed
in vivo [17].
As illustrated here, the use of a biphasic fermentation system
may not be desirable for (+)-nootkatone production, since (+)-val-
encene and trans-nootkatol are sequestered in the n-dodecane
layer and may thereby be unavailable for full oxidation to (+)-noo-
tkatone. When using biphasic fermentation, the yield of sesquiter-
penes was much higher, compared to single-phase fermentation
(1.4 mg/L vs. 0.14 mg/L; Table 1). However, while in the biphasic
system the majority of valencene was not oxidised and some
trans-nootkatol was observed, the monophasic system yielded al-
most exclusively (+)-nootkatone as a product. Apparently, in the
monophasic system all (+)-valencene that was ﬁrst converted to
trans-nootkatol, is further processed to (+)-nootkatone by CnVO.
Efﬁcient systems to produce oxidised terpenoids have been
developed in yeast [23]. Upon expression of CnVO with the CnVS
in WAT11 yeast strain 144 ± 10 lg/L of (+)-nootkatone was pro-
duced after a three-day ﬂask fermentation. Thereby a yeast
expressing CnVO in combination with a valencene synthase and
ATR1 is the ﬁrst microbial production system for (+)-nootkatone
from a simple carbon source. In comparison to other (+)-valencene
oxidizing enzymes, very little intermediates or side-products
are produced. This possibly relates to CnVO being the ﬁrst
valencene oxidase isolated from a plant that naturally produces
(+)-nootkatone.Acknowledgements
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